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ABSTRACT 


Rates  of  lonlo  mass  transfer  at  nickel  electrodes 
rotating  about  their  axes  In  the  center  of  stationary 
electrodes  were  studied  using  the  ferrl^ferrocyenlde 
couple  In  alkaline  solutions.  A general  mass  transfer 
correlation  was  found  to  apply  equally  «rell  to  the  dls> 
solution  rates  of  rotating  solids  and  to  the  rates  of 
lonlo  mass  transfer  at  rotating  electrodes.  This  oor- 
relatim  takes  Into  account  the  physical  properties  of 
the  system  as  well  as  ge<»netrlo  and  hydrodwnamlc  factors. 
The  correlation  enables  tbs  predlotlcm  of  limiting  cur- 
rents and  coil  cent  rati  on  polarisation  at  rotating  aleo- 
trodes  under  a wide  range  of  conditions. 

The  nature  of  the  polarisation  Involved  In  the 
reduction  of  Fe(CN)f*  and  the  oxidation  of  Pe(CN)^^  was 
also  investigated.  The  polarisation  was  found  to  depend 
strongly  the  presence  of  *^eleetrode  poisons."  With 
freshly  prepared  solutions.^  under  exclusion  of  light  and 
with  oathodically  treated  nickel  electrodes  relatively 
small  chesdcal  polarisations  were  determined.  For  rota- 
tlcmal  speeds  not  exceeding  Reynolds  number  11_,000,  the 
obeadoal  polarisation  was  found  to  .be  hegligicle  in  com- 
parison with  the  concentration  polarisation.  Under  such 
conditions  the  ferro-ferrioyanlde  couple  can  be  conveni- 
ently used  to  obtain  mass  transfer  rates  for  various 
hydrodynamic  conditions,  or,  conversely,  to  verify  the 
validity  of  sutss  transfer  equations  by  a comparison  of 
experlswntal  .and  calculated  values  of  limiting  currents 
and  concentration  polarisation. 

The  rotating  electrode  model  was  found  to  be 
most  suitable  for  studying  the  nature  of  electro lytic 
polarisation  phenomena  on  account  of  the  uniformity  of 
the  ciirrent  distribution  as  well  as  of  the  hydrodynamic 
diffusion  layer  at  the  electrode  surface. 
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I,  IKTRODCJGTION 

The  study  of  mass  transfer  at  working  electrodes  has  been 
found  to  be  of  fundamental  Importance  (1,  2)  In  the  analysis  of 
elect3x>de  phenomena  and  In  the  consideration  of  concentration 
polarisatirn,  limiting  currents  and  rates  of  electrode  reactions. 
In  recerc  years  several  typical  oases  have  been  analysed  by  means 
o:‘  methods  of  hydrodynamics  and  boundary  layer  theory,  and  for 
a few  models  experimental  results  were  successfully  correlated 
(1,  2),  The  effect  of  natural  convection  in  electrolysis  was 
quantitatively  evaluated  among  others  by  1?agner  (3)  and  Wilke  et 
al.  (4).  The  case  of  rotating  disc  electrodes  was  treated  mathe- 
matically by  Levich  (6).  This  theory  is  applicable  as  long  as  the 
diffusion  boundary  layer  at  the  disc  is  laminar.  Along  the  lines 
suggested  by  Agar  (6),  Lin  et  al.  (7)  oorrelatbd  limiting  current 
densities  for  the  inner  electrode  of  an  annular  cell  with  stream- 
line and  turbulent  longitudinal  flow.  An  extension  of  this  study 
for  laminar  and  turbulent  flow  along  flat  plate  electrodes  was 
recently  cosq;>leted  by  Lin  et  al,  (8). 

The  present  investigation  is  concerned  with  cylindrical  cen- 
tral electrodes  rotating  in  concentric  cylindrical  cells.  Among 
the  many  possible  methods  of  stirring  the  case  of  a rotating  elec- 
trode is  most  notevforthy  not  only  because  it  affords  experimental 
reproducibility,  but  also  because  it  offers  the  application  of 
methods  of  hydrodynamics  and  mass  momentum  transfer  analogy  in 
the  interpretation  and  correlation  of  data  (9,  10,  11),  The 
theoretical  analysis  of  this  problem  in  case  of  electrodes  is 
further  facilitated  by  the  uniformity  of  current  distribution 
resulting  from  the  geometry  of  oonoontric  cylindrical  electrodes 
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and  the  unlfoirm  tbiekneas  of  the  dlffuaion  layer  formed  on  the 
rotating  electrode. 

In  recent  years  rotated  electrode  surfaces  have  found  a num- 
ber of  applications  In  chemical  analysis  as  well  ac  In  corrosion 
studies  as  a parallel  tool  to  the  polarographlo  methods  (12,  13). 

Industrial  applications  of  this  forced  convection  model  are  known 
and  further  important  uses  are  anticipated. 

The  effect  of  the  speed  of  rotation  upon  the  rate  of  mass 
transfer  was  first  studied  by  Brunner  (14,  15).  He  found  that  the 
diffusion  layer  thickness,  decreases  with  the  2/3  power  of  the 
speed.  However,  he  considered  neither  the  effect  of  rotor  diame- 
ter or  ge<MBetry  nor  the  dependmice  on  the  physical  properties  of 
the  electrolyte.  Therefore  only  qualitative  conclusions  can  be 
drawn  from  these  experimental  results. 

kieken  (16)  has  analysed  the  effect  of  laminar  flow  forced 
convection  upon  the  rate  of  mass  transfer  at  an  electrode.  In  his 
experiments  the  external  vessel  containing  the  solution  was  rotat- 
ed, and  laminar  flow  past  the  fixed  Inner  flat  plate  electrode  re- 
sulted. Eucken's  mathematical  analysis  Is  valid  only  for  this  par- 
ticular condition.  Kambeira  et  al.  (17)  have  adapted  Buoken's 
treatment  to  the  case  of  a 0.6  mm  diameter  platinum  wlz'e  eleetrode 
projecting  perpendicularly  6 mm  from  the  axis  of  a rotating  glass 
rod.  In  the  derivation  the  assumption  Is  made  that  the  velocity 
gradient  at  the  electrode  surface  is  proportional  to  the  z>pm.  This 
is  valid  in  the  case  of  Euoken's  model,  where  laminar  flow  exists 
in  the  entire  region  of  flow,  but  is  inadmissible  for  the  turbulenb 
flow  case,  where  laminar  flow  is  restricted  to  the  boundary  layer 
adjacent  to  the  electrode  surface. 

K 
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Por  the  sake  of  clarity  henceforth  the  term  '^rotating  elec* 
trode”  will  be  used  only  In  reference  to  cylindrical  electrodes 
rotating  about  their  axis  in  the  center  of  a stationary  circular 
cylindrical  electrode.  Recently  Raold  and  Beck  (18)  have  used 
such  rotating  electrodes  in  a study  of  rates  of  dissolution  of 
magnesium  and  its  alloys  in  hydrochloric  acid  solutions.  They 
found  that  the'  rates  of  dissolution  increase  in  the  region  of  low 
acid  concentrations  with  the  0«71  power  of  the  speed  of  rotation. 

At  higher  acid  concentrations  {1*4  molar  and  higher)  the  reaction 
rates  beccmte  entirely  Independent  of  rotational  speeds,  as  the 
stirring  effect  produced  by  the  hydrogen  bubbles  evolving  at  the 
metal  interface  beccmies  predominant.  This  stirring  effect,  how- 
ever, should  not  be  Ignored  even  at  low  acfd  concenti^atlons  because 
of  turbulence  caused  by  the  hydrogen  bubbles  moving  in  the  boundary 
layer  adjacent  to  the  dissolving  magnesium  rod.  For  this  reason 
the  work  of  Roald  and  Beck  represents  a rather  special  ease  of 
foroed  convection  mass  transfer. 

The  present  work  was  undertaken  with  the  following  alms  in 

mind: 

(a)  To  S8ta)}llsh  correlations  between  the  physical  proper- 
ties. of  a system,  gecsetrioal  and  hydrodynamic  conditions,  and  the 
rates  at  which  a solute  (ion)  is  transferred  to  or  from  a rotating 
electrode. 

(b)  To  determine  whether  such  general  mass  transfer  correla- 
tions enable  the  prediction  of  concentration. polarization  and 
limiting  currents  in  steady  state  electrolysis. 


II.  EXPERIMENTAL 


To  assure  the  latter  objective  It  was  Ixnportant  to  choose  an 
eleotrode  reaction  which  occurs  with  negligible  chemical  polarize- 
tl(8i.«  For  such  an  eleotrode  process  the  total  measured  polariza- 
tion (AEip)  would  represent  concentration  polarization 
only,  and  would  make  a comparison  between  theoretical  px^edlotlon 
and  experiment  possible.  However,  most  of  the  known  eleotrode  re- 
actions take  place  with  considerable  chemical  polarization 
idien  finite  currents  are  passed.  Some  oxidation-reduction  reac- 
tions have  long  been  suggested  by  Investigators  (19,  20,  21)  to 
occur  with  negligible  chemical  polarization.  In  a more  recent 
study  Moll  (22)  found  no  measurable  chemical  polarization  for  the 
ferrous^ ferric  couple  at  gold  and  platinum  electrodes  freshly 
treated  by  hydrogen  and  oxygen  discharge.  Essln  and  ooworkers  (23) 
made  similar  studies  on  the  ferrooyanlde-ferrloyanide  oouple  at 
platinum  and  nickel  electrodes  and  concluded  that  there  Is  no  ap- 
preciable chemical  polarization  **when  the  metal  Is  free  of  all 
film  that  may  form  on  the  surface.”  Carmody  and  Rohan  (24)  on  the 
other  hand  have  reported  a measurable  ohemioal  polarization  for 
this  latter  system  on  platinum.  A similar  conclusion  was  arrived 
at  by  Petrooelll  and  Paoluool  (25)  who  studied  this  oouple  up  to 
current  densities  of  26  mA/om*«  They  found,  however,  that 
"eathodio  activation,"  l«e.  a hydrogen  discharge  treatment  of  the 
eleotrode,  tends  to  decrease  chemical  polarization. 

For  the  purposes  of  this  study  smoothness  of  the  eleotrode 
surface  was  important  because  of  hydrodynamlo  oonslderatlons.  In 
a redox  electrolysis,  unlike  in  a metal-deposltlon  process,  the 
eleotrode  surface  remains  physically  unaltered.  Another  advantage 


of  the  redox  reaction  la  that  steady  state  electrode  potentials 
are  arrived  at  in  much  shorter  time  than  in  a deposition  reaction. 

These  findings  In  addition  to  stability  considerations  of 
several  contemplated  couples  resulted  In  the  selection  of  the 
ferrlcyanlde-ferrocyanlde  couple  and  nickel  electrodes  for  the 
present  studies.  A large  excess  of  sodium  hydroxide  was  used  in 
order  to  eliminate  the  contribution  of  ionic  migration  to  the 
mass  transfer  (1). 

Solutions  of  potassium  ferrl-  and  ferrooyanlde  and  particu- 
larly the  ferrooyanlde,  are  known  to  decompose  slowly  by  the 
action  of  light  resulting  In  the  formation  of  cyanide  and 
hydroxide  Ions  acoordlng  to  the  following  eciuatlras  (S6,  27): 

+ H.0  + CH' 

CN"  + HiO  SZZ:r^  HCN  + OH' 

In  alkaline  splu-tlons  kept  In  daiScness  the'  decomposltlbh  of  these 
cyanide  complexes  Is  practically  eliminated  (28)^  Solutions  used 
In  these  studies  were  freshly  prepared  for  each  series  of  runs  In 
black  Jena  glass  bottles. 


A.  Apparatus  and  Procedure 

A concentric  cylindrical  cell,  6.16  Inches  high,  built  from 
acrylic  plastic  (luclte)  was  ecjulpped  with  grooved  endplates  which 
could  hold  as  desired  one  of  the  three  cylindrical  plastic  tubes 
of  Internal  dlasidter  S.4S,  4.CG  and  5.47  Inches.  (See  Figures  1 
and  2.)  A f-lnch  diameter  stainless  steel  driving  shaft  passed 
through  a teflon  packing  gland  through  the  top  plate  and  was 
equipped  with  a l/4-lnch  standard  thread  allowing  the  nickel  elec- 
trodes of  various  diameters  (1,272^,  2.46  and  5.024  cm)  to  be 
screwed  onto  It.  The  rotated  electrode  was  supported  from  the 


bottom  by  a guide  pin  and  teflon  lining  in  order  to  eliminate 
ecoentrio  motion.  The  oonoentrio  outer  cylindrical  nickel  elec- 
trodes (of  inaide  diameter  6«07,  9,67  and  13.69  cm),  all  15.11  cm 
long,  were  fitted  tightly  into  the  corresponding  Incite  tubes. 

(See  Figures  1 and  2),  The  cell  was  made  liqpid  tight  with  neo- 
prene rubber  gaskets  placed  into  the  grooves.  A ground  glass  joint 
thermometer  fitted  into  the  top  plate  with  its  bulb  reaching  about 
3/4  in.  into  the  cell  interior.  The  entire  assembled  cell  with 
supporting  structure  designed  to  eliminate  vibrations  is  shown  in 
Figure  3. 

The  electrodes  permitted  a variation  of  the  ratio  of  gap  to 
the  diameter  of  the  inner  electrode  (b/d^)  ranging  from  0.104  to 
4.88.  A luolte  nipple  on  the  top  plate  of  the  assembled  cell  was 
screwed  into  a small  tapered  bole  which  on  the  inside  of  this 
plate  ended  with  a 1/4  mm  diameter  and  was  located  at  a distance 
of  2.541  cm  from  the  axis  of  the  cell.  (Figure  4.)  Through  this 
hole  and  a piece  of  polyethylene  tubing  a continuous  liquid  junc- 
tion led  to  reference  cell  No.  1 equipped  with  a nickel  electrode 
and  filled  irlth  the  same  solution  as  that  in  the  electrolytic  ceil. 
Reference  cell  No.  2 was  coxmected  with  the  cell  by  means  of  a 
teflon  nipple  leading  through  the  center  of  the  ?uolte  cylinder 
and  ending  flush  with  the  inner  aide  of  the  outside  electrode  with 
a l/4  am  hole.  Such  arrangements  of  the  liquid  junction  leading 
to  the  reference  electrodes  are  preferable  for 
the  flow  pattern  in  the  cell  remains  undisturbed|  and  (b)  a dis- 
tortion of  the  current  distribution  over  the  electrode  surface  is 
avoided. 

As  can  be  seen  fr<m  the  diagram  in  Figure  4,  a potential 


measurbment  of  the  rotating  electrode  bj  means  of  the  reference 
electrode  No.  1 Involved  an  ohmic  potential  drop  over  the  anmlar 
solution  spaco  between  the  radius  r^  of  the  rotating  electrode  and 
the  diwtanoe  of  2.54  cm  at  which  the  small  opening  leading  to  that 
reference  cell  was  located.  For  a total  current,  i.  this  ohmic 
drop  was  therefore 
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where  R » resistance,  ohms. 

r^  s radius  of  rotated  inner  electrode  used,  cm. 

U B height  of  the  cell,  here  16.11  cm. 

K ■ conductivity  of  the  solution,  ohm"^cm“^. 

Similarly  a potential  measurement  of  the  rotated  electrode 
by  means  of  the  reference  No.  2 involved  an  ohmic  drop  given  bys 

^^(2)  " 2if^h*  r^ 

Since  r_,  the  internal  radius  of  the  outer  electrode,  was  either 

o» 

6,84  cm  (Series  I of  runs),  4,94  cm  (Series  II  of  runs)  or  3,036 
cm  (Series  III  of  runs),  the  ohmic  drop  ooi:ild  be  computed  more 
reliably  by  equation  Ib,  i,e«  using  reference  .No,  2.  This  is  par- 
ticularly true  as  a small  geometrical  misalignment  will  cause  a 
lesser  relative  error  in  the  ratio  of  equation  Ib. 

In  all  runs  potential  measurements  of  the  rotating  electrode 
were  taken  by  means  of  both  reference  junctions  selected  one  at  a 
time  with  switch  S-1  (Figure  4).  The  net  values  obtained  aft a? 
subtracting  <^nd  1^(2)  drops  respectively  rarely  differed  by 

more  than  1%,  However,,  for  reasons  stated  above,  in  most  oases 
measurements  with  reference  electrode  No.  2 were  preferred  over 
an  arithmetic  average  of  the  two  measurements. 
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The  eleotrloal  connection  to  the  rotating  eleotzv>de  was  ao- 

oompllebed  by  means  of  a meroury  well  (W  In  Figure  4).  A oopper 

Contact  acrew  provided  the  connection  to  the  outer  stationary 

electrode.  The  current  was  measured  with  a D.C,  mllllammeter^ 

2 

or  a D»C.  ammeter.  All  aameters  were  carefully  calibrated  by 
means  of  standard  resistors.  Selector  switch  S-2  (Figure  4)  per- 
mitted measurements  of  the  potential  by  either  of  the  following 
Instruments : 

2 

a.  Recording  potentiometer  with  five  ranges « the  largest 

being  up  to  600  mV. 

b.  Manual  potentiometer,^  using  a high  sensitivity 

galvanometer  as  a sero  Instrument,^ 

The  recorder  was  usually  used  first  to  ascertain  that  a steady 
state  polarisation  was  achieved  and  then  the  final  value  was 
measured  accurately  by  means  of  the  manual  potentiometer. 

Sodium  hydroxide i 2 M,  was  used  as  neutral  electrolyte  in  the 
prepeu*atlon  of  five  approximately  equimolar  potassium  ferrioyanlde  . 
and  potassium  ferrooyanlde  solutions  in  the  concentration  range  of 
0,009  to  0,204  mols  per  liter;  C,P.  reagents  were  used  through- 
out. These  solutions  were  prepared  freshly  prior  to  use  and  kept 
in  black  Jeiia  glass  bottles  to  miniisiBe  the  effects  of  light  (see 
previous  discussion).  Slight  changos  In  concentrations  of  ferri- 
and  ferrooyanide  Ions  caused  by  use  of  a solution  up  to  limiting 

^estOn  (Model  45). 

o 

Cenoo  (Model  6935). 

^Minneapolis  Honeywell  Co,  (Mcdel  Y-153-X-12). 

^Leeds  and  Korthrup,  type  K-2  (Model  No,  7552). 

^Leeds  and  Morthrup  (No.  2430). 

®Merok  and  Co, 
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Qurrent  densities  were  followed  up  by  a strict  analytical  control. 
Ferrlcyanide  was  determined  by  the  iodometric  procedure  (29)  and 
the  ferro cyanide  by  permanganate  titration  (30). 

Before  introducing  into  the  cell  each  solution  was  alternate* 
ly  de*aerated  in  a glass  column  by  means  of  vacuum  and  saturated 
with  nitrogen  several  times  to  remove  the  dissolved  oxygen.  The 
presence  of  a considerable  amount  of  dissolved  oxygen  in  the  cell 
would  have  Interfered  with  the  electrode  reactions  of  the  ferri* 
cyanide  and  f errocyanlde , particularly  at  low  conoentratlozis* 
Furthermore  it  was  felt  that  in  absence  of  oxygen  the  nickel  elec- 
trodes would  remain  longer  in  an  "active"  state* 

Prior  to  each  asssnbling  of  the  cell  the  smooth  electrodes 
were  polished  with  rouge  paper,  washed  with  CCI4  and  treated 
cathodlcally  in  a NaOH  solution  at  a current  density  of  20 
mA/oa^  for  12-15  minutes. 

The  assembled  cell  was  filled  with  a given  solution  at 
approximately  25"C,  the  inner  electrode  set  into  rotation  at  a 
selected  speed.  The  value  of  the  electrode  potential  at  no 
current  flow  (ZCP)  was  measured  with  both  references.  These 
were  later  subtracted  (with  proper  sign)  from  the  "at  current" 
values.  Thus  any  "static"  potential  differences  due  to  differ- 
ences in  surface  structure  of  the  electrodes  could  be  accounted 
for.  A relatively  small  current  was  then  applied  and  the  poten- 
tial' of  the  rotating  eleoti*ode  followed  up  by  itoans  of  one  of  the 
two  reference  electrodes  and  the  recording  potentiometer  until 
steady  state  was  achieved.  The  final  values  were  then  measured 
with  the  manual  potentlosieter  using  both  reference  electrodes 
consecutively.  Steady  state  polarization  was  obtained  within  a 


few  eeoonds  at  high  speeds  and  within  2 to  3 minutes  at  low  speeds. 
Aohlevement  of  the  steady  state,  while  not  essential  for  the  deter- 
mination of  limiting  ourrents,  was  Important  for  the  subsequent 
oaloulatlons  of  ohemloal  polarisation.  A reliable  comparison  of 
the  oonoentratlon  and  chemical  polarisation  can  be  made  only  under 
steady  state  conditions.  Current  was  Increased  In  small  Increments 
until  the  limiting  current,  noted  by  a sudden  rise  In  potential, 
was  attained.  At  a given  speed  each  run  was  first  conpleted  with 
the  rotor  as  the  cathode.  Then  the  polarity  was  reversed  and  a 
run  was  carried  out  with  the  rotor  as  the  anode.  When  a series  of 
runs  with  speeds  ranging  from  30  to  1650  rpm  was  coa^lete  the  cell 
was  taken  apart,  the  electrodes  treated,  as  described  previously, 
and  reassenbled  with  another  electrode  diameter  but  with  the  same 
Inner  electrode.  Thus  the  effect  of  the  gap  between  the  oonoen- 
trlc  oyllndrloal  electrodes  was  studied  for  a given  solution, 
given  diameter  of  the  rotating  electrode  and  given  angulex>  veloci- 
ty. 19ie  temperature  of  25^  - 0.5  was  maintained  by  blowing  pre- 
heated or  preoooled  air  on  the  outside  of  the  cell.  Physical 
properties  required  for  correlative  study  were  determined  for  eaoh 
of  the  solutions  within  the  temperature  range  20-30^  C. 

Conductivities  were  measured  In  a conventional  conductivity 

cellf  calibrated  with  a 0,9996  molar  KCl  solution,  using  an  audlo- 

osolllator^  as  a power  source  for  1000  oyole  A.C.,  a Wheatstone 

2 

bridge  and  an  osolllosoope  as  a sero  Instrument. 

Viscosities  of  the  solutions  relative  to  water  wore  measured 
at  several  temperatures  In  a thermostat  with  an  Ubbelohde  pipette, 

^Hewlett-Packard  Model  200  C. 

®RCA  Ho.  166 A. 
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and  the  absolute  vleooeltlee  calculated  using  densities  obtained 
by  picknometer  determinations. 

Diffusion  coefficients  for  the  ferri-ferro cyanide  ions  were 
measured  by  means  of  the  capillary  method  (51). 

B.  Methods  of  Calculation 
1.  Ionic  Mass  Transfer 

The  potential  values  obtained  for  each  run  were  first  cor- 
rected by  subtracting  (with  proper  sign)  the  sero  currant  potenticO. 
(ZCP)  differences  and  the  corresponding  iR  drops  calculated  by 
means  of  equatibn  I.  These  net  resulting  values  represented  the 
total  polarisation^  From  the  known  areas  of  the  rotating 

electrodes  the  current  densities  were  calculated  and  plots  of  cur- 
rent density-,  I (mA/cm*)  versus  total  polarisation^  AElp  (mV)  were 
prepared.  The  limiting  current  densities  were  then  determined  for 
each  nm  at  the  plateau  of  the  curve-,  is>e-.  as  the  walue  at  whiifii  a 
small  Increment  of  current  caused  a sudden  rise  of  potential.  At 
this  point  in  base  of  cathodic  ferricyanide  z»educti'on  runs,  the 
consecutive  electrode  process  was  hydrogen  evolution.  This,  how- 
ever, did  not  take  place  before  the  potentials  exceeded  600-700  mV. 
For  anodic  oxidation  of  ferrooyanide  the  plateau  was  shorter  as 
the  oonseoutlve  reaction  (i.w.  oxygen  evolution)  took  place  at 
values  of  200-250  mV.  As  illustrations  Figures  5 and  6 show 
sets  of  cathodic  and  corresponding  aiiodic  rune  for  solution  No.  9 
at  speeds  up  to  1650  rpm.  The  limiting  cathodic  current  densities 
(I^)  and  the  limiting  anodic  current  densities  (I^)  are  given  in 
the  corresponding  figures. 

At  limiting  current  when  the  interfaoial  concentration  of  the 
reacting  species  becomes  aero,  the  rate  of  ionic  mass  transfer  of 
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ferrl cyanide  ion  to  the  cathode  or  of  ferrooyanide  ion  to  the 
anode  can  be  expressed  as  (l)t 

“ - SF  ■ Vo 

where  » cathodic  (I^)  or  anodic  (I^)  limiting  current 
densities « aaqps/ca*. 
n » valence  ^arge  of  reacting  ion. 

F s the  Faraday  constant. 

o^  « hulk  concentration  of  reacting  ion,  moles/cc. 
t^  *■  transference  number  of  the  reacting  ion. 
kj^  ■ average  mass  transfer  coefficient,  OB^seo. 

Since  the  estimated  tranaference  numbers  of  ferri*  and  ferro^ 
cyanide  ions  did  not  exceed  0.03  (and  was  usually  much  lower}  due 
to  the  large  excess  of  RaOH  used  as  the  indifferent  electrolyte, 
equation  II  can  be  rewritten  ast 


N » 


ft 

nF 


Vo 


(Ila) 


Thus  by  means  of  eqaation  Ila  the  average  mass  transfer  co- 
efficient, k^,  for  the  ferrioyanide  reduction,  and  k^  for  ferro- 
oyanide  oxidation  were  calculated  for  each  run. 

From  the  measured  values  of  viscosity,  |i*  density,  p,  and 
diffusion  coefficients,  corrected  to  the  tempera- 

ture of  the  given  runs,  the  corresponding  Schmidt  groups  So  » 

|x/pD  were  computed  for  the  anodic  and  cathodic  experiments. 

The  Reynolds  number,  characterising  the  flow  produced  in  the 
cell,  was  found  by  the  authors  (see  reference  32)  to  involve  the 
diameter  of  the  rotating  electrode  as  the  oharaoterlstio  length 
dimension  and  not  the  gap  between  the  cylindrical  electrodes « 
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Accordingly  the  Reynolds  number  was  computed  as i 


where-  V « peripheral  Telocity  - onv/'sec. 

d^  » diameter  of  rotating  electrode,  cm. 

V c kinematic  viscosity,  cmV^oo* 

2.  Concentration  Polarisation  and  Chemical  Polarisation 
It  is  clear  that  as  far  as  mass  transfer  studies  are  con* 
cerned,  it  is  not  necessary  for  the  electrode  reaction  to  take 
place  with  negligible  chemical  polarisation.  The  mass  transfer 
coefficient,  kj^,  could  be  calculated  for  any  current  density  if 
in  addition  to  the  bulk  concentration,  o^,  the  inter facial  oonoen- 
tration,  o^,  was  known.  Since  an  accurate  experimental  determina- 
tion of  0^  is  estremely  difficult,  mass  transfer  coefficients  are 
most  conveniently  obtained  from  limiting  current  measurements,  as 
outlined  in  the  preceding  section. 

However,  an  electrode  reaction  with  negligible  Chemical 
polarization  was  desirable  in  these  studies  In  order  to  ascertain 
e3q;>erlmentally  idiether  correct  predictions  of  limiting  currents 
and  concentration  polarization  can  be  made  from  a general  mass 
transfer  correlation  for  rotating  cylinders. 

The  ferrl-ferrocyanlde  couple  was  therefore  Investigated  as 
to  the  nature  of  the  polarization  associated  with  both  the 
cathodic  reduction  of  ferrioyanide  and  the  anodic  oxidation  of 
ferrocyanide  on  nickel  electrodes.  This  was  done  as  follows: 

a.  From  graphs  of  current  density,  I,  versus  total  polariza- 
tion, AElu,  (of  the  type  shown  in  Figures  6 and  7),  pairs  of  values 
of  I and  were  read  off  at  equal  current  density  increments  and 
tabulated  up  to  current  densities  eqiual  to  70-75^  of  the  limiting 
current  density. 
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b.  Using  the  cathodic  limiting  current,  and  the  anodic 
limiting  current,  I^,  (both  obtained  for  the  same  solution,  oell 
geometry  and  speed),  the  concentration  polarisation,  dBoono  * ^or 
this  redox  couple  was  calculated  (23,  33)  for  each  current  density. 


I,  by  means  of  the  following  equations: 

l-l/lOJ 


AE 


cono. 


In 


(for  cathodic  oase) 


IS 


oono. 


RT 

’iLl/l"  anodic  oase) 


(IVa) 

(IVb) 


o.  Chemical  polarisation  each  of  the  applied 

current  densities,  I,  was  oaloulated  by  subtracting  the  oaloulated 
AB^ono  experimentally  obtained  total  polarisation, 

i«e  • , 


AE 


(V) 


'‘ohem.  * “ — oono* 

It  Is  interesting  to  note  that  from  equations  (IV)  and(V)  for 
the  oase  of  a redox  eleetrode  reaction  with  negligible  ohemieal 
polarisation  a plot  of  the  experimental  values  of  AE«p  versus  los  Q> 
where 


1 ^ I/I, 
1 i I/I 


(VI) 


(upper  sign  for  oathodlo  oase,  lower  for  anodio  oase) 


should  yield  a straight  line  with  the  slope  2*305  For  the 

ferrl-ferro cyanide  eouple  n i and  expressing  potentials  In  milli- 
volts (mV)  the  slope  for  esqperlments  performed  at  25^  C should  be 
60*1, 


Actually  the  derivation  of  this  equation  assumes  that  the 
laasa  transfer  coefficient  Is  independent  of  the  current  density. 
In  forced  convection  such  an  assumption  Is  well  justified* 


III.  RESULTS  AND  DISCUSSION 


A.  Correlation  of  Uaas  Transfer  Ratea 

The  lonlo  mass  transfer  results  here  presented  were  part  of  a 
broader  study  involving  dissolution  of  rotating  cylinders  oast  from 
Bensolo  and  Clnnamlo  aold  into  water  and  acjueous  glycerol  solutions 
(32) • A general  type  of  oorrolation  baaed  on  the  methods  of  the 
momentum-mass  transfer  analogy  was  obtained  using  the  following 
parameter} 

^ (Sc)°*®^^  (VII) 

in  which  the  Shmidt  number  So  « ^ accounts  for  the  3^ysioal 
properties  of  the  system  and  is  given  by  equation  la. 

Figures  7 and  8 show  logarithmic  vs.  plots  of  the  mass 
transfer  data  for  the  reduction  of  ferricyanide  and  oxidation  of 
ferrooyanide  respectively.  Table  1 gives  a typical  set  of  data,^ 
including  the  physiodl  propertieo,  for  one  of  the  five  solutions 
studied.  Average  deviations  of  the  points  in  Figures  7 and  8 from 
the  best  line  are  i 7^  and  ^ 6,6)^  for  the  two  electrode  reactions. 
These  e3q>eriments  involved  a Schmidt  number  variation  of  2230  to 
3660  and  a Reynolds  number  range  of  112.0-162,000  (peripheral 
velocities  1.17  to  426  oxB/sec),  Limiting  current  densities  varied 
from  0.43  to  113  mA/om*. 

In  FlgUi*©  9 the  lines  correlating  the  electrolytic  data  are 
compared  with  result  . obtained  by  solid  dissolution  studies.  The 
results  for  the  various  systems  agree  with  each  other  within  7% 
and  lie  all  within  the  experimental  errors  Involved  in  the 

^Complete  data  are  given  in  Technical  Report  No,  2,  Nonr 
222(06),  September  15,  1953  ("Mass  Transfer  at  Rotating  Cylinders,” 
by  M.  Eisenberg,  C.  W.  Tobias  and  C.  R.  Vlilke). 
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deterndnation  of  the  frictional  drag  coefficient  f/2  obtained  by 
Theodoraen  and  Regier  (11). 

Such  an  agreement  ia  very  encouraging  in  view  of  the  Chilton- 

Oolburn  analogy  (34)  which  suggeata  that 

kr 

^ (Sc)  * f/2  (VIII) 

where  4 (Sc)  repreaenta  a function  of  the  Schmidt  number.  (For 
a detailed  diaouaaion  aee  ref.  32.) 

In  Figure  10  all  masa  tranafer  data  for  three  aolid  diaaolu- 
tion  ayatema  and  the  two  electrolytic  redox  reaetiona  were  all 
plotted  together.  The  beat  curve  (within  t 8^S)^)  through  all 
pointa  ia  repreaented  by  the  coordinatea  given  in  Table  2. 

In  the  Reynolda  number  range  1000-100,000  the  data  are  beat 
repreaented  by  a atraight  line  (daahed  in  Figure  10)  given  by  the 
equation 


^ w 0.0791 


(IX) 


From  equation  (IX)  a number  of  Intereatlng  piractlcal  rela- 
tione may  be  derived. 

Recalling  that  the  maas  tranafer  coefficient  k * I^nFc^, 
the  following  relatione  for  the  limiting  current  denaity  may  be 
obtained s 


I,  « 0,0791  nFc^ 
li  o 


vu; 


* 0.0791  nPo  v”°*®**  jjO.644 

o i 

■ nP  -|p(aajpa/cm*)  (X) 


The  diffuaion  layer  thlokneaa,  in  cm.,  ia  then  given  by: 
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0.0791  V 


6«70  .-0*50  ,-0.344 


^0,50  ^0.344  jjO.366 
" 


^-0,40  ^0.344  jj0,356 

»®-®2  ?5775 


(XI) 


where  v « kinematic  visooelty, 

D s diffusion  coefficient,  om'/seo. 

S « rotational  speed,  rpm. 

V * ^ w dj^  * peripheral  speed,  ciVsee. 
d|^  * rotor  diaiMter,  cm. 

Thus  the  diffusion  layer  thickness  b depends  not  only  on  the 
rotational  8 peed,  but  also  on  the  rotor  diameter  as  well  aef  on, the 
physical  properties  of  the  system  such  as.  viscosity  and  diffusivi- 
ty.  The  latter  three  variables  were  not  considered  by  Brunner (14). 

With  the  assumption  that  ^ is  independent  of  the  rate  (i.e*. 
of  the  current  density),  as  was  suggested  by  Agar  (6),  one  can 
write: 

'inP’  * f ’ ®1^  (Xlla) 

where  o^  and  c,  denote  the  bulk  and  interfaclal  concentrations 
o 1 

respectively. 

Hence  for  a given  applied  c,d,,.  I,  the  concentration  of  the 
reacting  ion  at  the  electrode  interface  c^^  may  oe  calculated  by 
means  of  the  relations 


°1 


®o  • Sfe  ^ 


(Xllb) 
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The  tblokness  of  the  diffusion  layer,  is  obtained  for  a gi7en 
geometry,  speed  and  physical  properties  of  the  electrolyte  by 
means  of  equation  (XI }• 

Previous  studies  relating  to  mass  transfer  at  rotating  elec- 
trodes were  limited  in  scope  and  oan  be  compared  to  the  present 
work  only  in  respect  to  the  functional  dependence  on  the  rotation- 
al speed.  Roald  and  Beck  (18)  found  for  rotating  magnesium 
electrodes: 

kj^  = const.  (XIII) 

This  is  in  agreement  with  the  results  of  the  present  study  since 
eqvtAtlon  (XIII)  can  be  shown  to  follow  from  equation  (V)  for  a 
given  system  (constant  v and  Sc)  and  given  rotor  diameter.  The 
e3q>erlments  of  Brunner  (14)  Involved  rather  impractical  geometries 
and  poorly  defined  experimental  conditions.  Els  results  may  be 
expressed  in  the  form:  . 

kj^  « const,  (rpm)®/®  (XIV) 

For  a given  rotor  diameter  and  given  set  of  physical  properties  of 
the  system  this  relation  is  in  approximate  agreement  with  the 
results  of  the  present  study. . 


B.  Limiting  Currents  and  Concentration  Polarigation 
1,  The  Nature  of  Polarigation  of  a Redox  Electrode 
For  the  total  polarization,  , of  a redox  electrode 
Petrooelll  (32)  obtained  a general  equation^  which  in  a somewhat 


iiivOifiou  TOrsa  UB.y  bd  written  Aoi 


^®T  “ n?  ^ 


1 - I/I, 


nP 


(I|^  + I)  exp(-aAE^-jjijr) 


(XV) 


^Analogous  relations  have  recently  been  obtained  by  a number 
of  Investigators  (35,  36). 
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where  and  «■  absolute  values  of  cathodic  and  anodlo  llodting 
current  densities  respectively. 

I K applied  current  density  (positive  for  cathodic, 
negative  for  anodic  case). 

a a constant  between  0 and  1 (usually  close  to  0«5) 

representing  the  portion  of  the  electrical  i>oten- 
tlal  difference  across  the  activation  energy 
barrier,  which  acts  In  the  cathodic  direction. 

1^  a exchange  current  density,  representing  the  rate  of 
forward  (cathodic)  and  also  backward  (anodic) 
reaction  at  the  reversible,  l.e.  open,  circuit 
potential. 

Using  the  concepts  of  the  absolute  reaction  rate  theory  (37) 

It  Is  possible  to  show  (32)  that  the  exchange  current  density 

• AP* 

V “ X X ®o*  ® ^ 

where  « standard  fk>ee  energy  change  of  the  activation  process 

(l.e • at  open  circuit),  ergs/aoXe. 

23 

N a Avogadr;o  nuaber,  6.023  x 10  , asoloonles/mole . 

b ■*  Planck  constant,  6.624  x 10*^,  erg**sec/aoleoule. 
k a Boltcaann  constant,  1,3605  x 10*°^,  erg/^K-aolecule . 

0^  a bulk  concentration  of  the  reacting  Ion,  aoles/L. 

n,  F,  R and  T have  the  usual  aeanlng. 

Thus,  at  constant  T,  1^  depends  onlj  on  the  activation 
energy  AF''  and  the  bulk  concentration,  c^,  of  the  reacting  loxa. 
For  a given  electrode  reaction  the  activation  energy  can  be 
assuaed  to  be  constant  provided  that  **ele  strode  poisons”  are 
absent  (22,  35),  Under  such  conditions  the  exchange  current 
d«xslty,  1^,  depends  only  upon  the  concentration,  e^« 
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In  equation  (XV)  the  first  term  In  the  braoke^  represents 
the  contribution  of  the  concentration  polarization,  and  the 
second  represents  the  chemical  polarization.  The  relative  mag- 
nitude of  this  second  term  depends  primarily  on  the  ratio 

of  the  limiting  o.d.  to  the  exchange  o.d. 

For  a given  electrode  system  the  limiting  c.d«,  I , Increases 
with  the  0,70  power  of  the  rotational  velocity,  according  to 
equation  (X);  1^,  however,  remains  unaffected.  Hence  at  high 
rotational  speeds,  l.e,  large  values  of  I./l.,  the  chemical  polar- 
Izatlon  should  become  significant  In  comparison  with  the  ocmoentra- 
tlon  polarization.  It  Is  obvious,  therefore,  that  In  order  to 
ascertain  experimentally  whether  a given  electrolytic  redox  re- 
action comes  close  to  thermodynamle  reversibility,  l.e,  takes 
place  with  a comparatively  small  chemical  polarization,  vs.  I 
curves  must  be  obtained  at  high  rotational  speeds.  From  such 

curves  (see  for  example  Figures  5 and  6)  plots  of  the  total  polar- 

1 + I/Ic 

Izatlon,  against  log  ^ I/t'a  preparv^d  as  described 

previously.  A comparison  of  equations  (IV)  and  (XV)  shows  that  If 
Chemical  polarization  Is  negligible,  l.e.  A£^  ^ ^oono  * 
perlioental  points  In  such  plots  should  fall  close  to  a straight 
line  with  a slope  of  59.1  (at  26^  C,  expressing  polarization  In 
mV).  This  type  of  plot  Is  very  convenient  as  the  distance  of  a 
given  point  from  the  straight  line  with  the  slope  59.1  gives  di- 
rectly the  value  of  the  chemical  polarization  and  demonstrates  the 
Importance  of  the  latter  relative  to  the  concentration  polariza- 
tion (see  for  Instance  In  Figure  13). 

Tables  3-7  give  typical  sets  of  results  for  several  ferrl- 
ferrooyanlde  solutions.  The  values  of  were 
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oaloulated  according  to  eq^atlon8  (IV)  and  (V).  Data  for  three 
experimental  series  were  plotted  in  Figure  11.  The  solutions  used 
were  only  0«06  m.  and  O.Oi  m.  in  ferri-  or  ferrooyanide,  hence 
according  to  equations  (XV)  and  (XVI)  some  chemicsl  polarisation 
may  be  expected.  Howeyer,  as  Figure  11  shows,  even  up  to  perl|^-> 
eral  velocities  of  157«3  oav/seo  the  total  polarisation,  3^, 
consists  almost  entirely,  within  limits  of  experimental  accuracy, 
of  concentration  polarisation. 

The  predominant  importance  of  the  stirring  rate  as  repre- 
sented by  the  peripheral  velocity,  V,  is  interestingly  demonstrat- 
ed in  Figure  Ig  for  a solution  of  a relatively  high  concentration 

l|»  M 

(number  9,  approximately  O.gO  of  Fe(CN)g  and  Fe(CN)g  )•  For  runs 
up  to  a velocity  V « 116  cnv^seo  the  data  fall  close  to  the  straight 
line  with  a slope  59.1,  the  value  for  the  so-called  reversible 
electrode.  At  hi^er  speeds,  i.e«  when  the  ratio  increases, 

chemical  polarisation  becomes  relatively  significant.  For  in- 
stance at  V ■ 333  on/seo,  when  the  concentration  polarisation  is 
69.1  mV,  the  corresponding  ohendoal  polarisation  has  already 
reached  19.4  mV  (Figure  12).  Hence,  in  ease  of  a reaction  where 
I^/i^  is  not  very  small,  it  is  possible  to  increase  this  ratio  by 
increasing  with  stirring  (rotational  speed).  In  this  way  a 
reaction  in  which  the  polarisation  is  pi^edomlnantly  controlled 
by  mass  transfer  (i.e.  concentration  polarization)  may  be  con- 
verted to  one  which  is  under  activation  control,  involving  large 
chesiloal  polarisation. 

As  shown  previously  the  exchange  current  density,  i^,  de- 
pends greatly  on  the  activation  energy  necessary  for  the 
reaction  to  proceed.  The  latter  has  been  found  by  many  Invest 1- 
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gators  to  Increase  In  the  presence  of  electrolytic  poisons  (22, 
35).  Thus,  according  to  equation  (XVI)  the  exchange  c,d«,  1^, 
may  be  expected  to  decrease  significantly  under  such  conditions. 
Indeed,  In  a special  study  on  the  effects  of  the  better  known 
electrode  poisons  Oerlaeher  (35)  found,  for  Instance,  that  at 
platinum  electrodes  treated  with  a 2x10*^  m.  H«S  solution  for 
one  minute  and  60  minutes  respectively,  the  exchange  c.d«,  1^, 
for  the  Pe'*"®/Pe*®  couple  dropped  to  10*8jC  and  1.7jt  of  the  original 
(active  state)  value,  respectively.  The  highly  alkaline  solutions 
used  In  the  present  studies,  tdien  exposed  to  air,  could  dissolve 
an  amount  of  H^S  sufficient  to  decrease  1^  and  consequently  In- 
crease the  chemical  polarization.  The  effects  of  other  electrode 
poisons  should,  of  course,  be  taken  Into  account  as  well.  For 
Instance,  BCK  formed  through  the  j>hotoohemleal  decomposition  of 
ferrooyanlde  nay  be  expected  to  exerc^e  a x>owerful  effect.. 
Several  Investigators  (38,  21)  have  also  concluded  that  even 
electrodes  made  of  "noble"  metals  such  as  gold,  silver  and  nickel 
become  gradually  covered  with  oxide  films  (when  used  In  air- 
saturated  solutions)  causing  a large  Increase  In  polarization. 

In  a special  study  designed  to  demonstrate  the  effect  of 
electrode  poisons,  - I data  were  obtained  for  an  alkcdlne 
ferro-ferrl cyanide  solution,  which  was  exposed  to  air  and  light 
for  several  days.  The  nickel  electrodes,  used  In  this  study,  were 
cleaned  In  the  same  manner  as  described  previously,  but  were  not 
given  any  cathodic  hydrogen  discharge  treatment.  Figure  13  shows 
the  results  for  solution  Ho.  1 in  the  form  of  vs.  log  Q plot. 
Large  ohemloal  polarizations  (demonstrated  by  the  deviations  from 
the  ^ -line ) were  obtained  In  spite  of  the  relatively  low 
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rotatlonal  speeds  (up  to  V « 56«6  eis/seo).  The  values  of  * 

-59.1  mV  and  AE^jjem.  » -47.9  mV  (hence  m >107  mV)  indicated  in 
Figure  15  (cathodic  uase)  are  for  an  applied  o«d«  of  12.1  mk/cafl 
and  a peripheral  speed  of  24«6  cnv^sec.  It  is  interesting  to  ooiUf 
pare  these  with  a freshly  prepared  solution  (number  9)  at  about 
the  same  o«d«  and  rotational  speed.^  Thus  at  a o«d«  I « 12  mA/om* 
and  V « 20  ciq/seo  a total  cathodic  polarisation  (AE^)  of  only  -45« 
-45«5  mV  was  measured  for  solution  number  9 (see  Table  6 ).  The 
corresponding  concentration  polarisation  was  calculated  to  be 
-47.1  mV.  Hence  no  measurable  cbemloal  polarisation  was  deter- 
mined in  this  case,  while  at  the  same  c«d.  in  the  ease  of  the 
“poisoned”  electrode,  represented  about  45^  of  the  total 

electrode  polarization. 

Wl^h  regard  to  the  ferro-ferrlcyanide  couple  the  following 
conclusions  may  be  drawn  on  the  basis  of  the  present  study* 

(a)  Only  freshly  prepared  and  de-aerated  alkaline  potassium 
ferri-  and  ferrooyanlde  solutions  should  be  used  with  a maximum 
possible  exclusion  of  light.  The  electrode  (platinum  or  nickel) 
should  be  given  a cathodic  hydrogen  treatment  prior  to  each 
experiment  • 

^The  difference  in  concentrations  of  the  reacting  ions  be- 
tween solutions  number  1 and  9 (a  factor  of  two ) does  not  sig- 
nificantly affect  this  c<»iparison,  primarily  because  the  ratio 
la/io  is  Independent  of  the  bulk  concentration  of  the  reacting 
ion. 

O 

Actually  the  absolute  value  of  the  total  polarization,  ABm, 
cannot  be  smaller  then  that  of  concentration  polarization  AB 
Whenever  this  seems  to  be  the  case,  it  must  be  attributed  not”“°* 
only  to  experimental  inaccuracies  but  partly  also  to  the  possi- 
bility that  the  achievement  of  a steady  state  polarization  of  the 
electrode  was  not  quite  complete.  Fortunately  in  no  case  were 
these  deviations  very  serious. 
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(b)  With  the  above  precaution  a reasonably  small  ohemloal 
polarisation,  ^djem,*  associated  with  the  electrolytic  redox 
reaction*  The  amount  of  Involved  depends  on  the  magnitude 

of  the  Ij^/ijj  ratio,  l«e.  on  the  rate  of  stirring  (on  which  the 
limiting  o«d«,  depends)*  For  rotating  electrodes  up  to  a 
peripheral  velocity  of  V * 116  oa^aec  the  electrode  reaction  is 
predominantly  mass  transfer  controlled  and  the  chemical  polarisa- 
tion is  negligibly  small.  The  above  peripheral  velocity  corre- 
sponds to  a Reynolds  number  of  11,000*  It  should  be  reasonable  to 
assume  that  in  many  other  types  of  flow  up  to  11,000  a negli- 
gible BAy  be  expected  for  the  ferrl*  ferrooyanide  couple* 

(o)  Under  conditions  (see  above)  at  idilch  the  total  elec- 
trode polarisation  la  almost  entirely  represented  by  concentration 
polarisation,  the  general  mass  transfer  correlation  for  rotating 
cylinders  (equation  VII)  oan  be  used  to  predict  the  diffusion 
layer  thickness,  the  limiting  current  density,  I^  or  I^,  and 
the  concentration  polarisation,  (aee  equations  X,  XI  and 

IV)*  Conversely  from  a given  measured  polarisation  the  inter- 
facial  concentration,  o^,  of  the  reacting  ion  may  be  calculated 
at  an  applied  current  density. 

To  illustrate  the  latter  point,  calculations  of  %,  I^,  I^, 

and  have  been  carried  out  below  for  a rotating  electrode 

cone  * 

in  an  alkaline  potassium  ferro-ferri cyanide  solution*  To  facili- 
tate a comparison  with  experimental  measurements  the  physical  data 
for  one  of  the  systems  studied  were  used. 
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2.  Illustrative  Example 

Assumed  Solution:  0.1976  m K.Fe(CH}g 

(Equivalent  to  Solution  Ho.  9)  ^ K,Pe(CN), 

4 6 

2.004  ffl  NaOH 

Data: 

Electrode  diameter,  d^  * 1.273  em 
Rotational  speed,  S » 300  rpm 

Peripheral  Velocity,  ^ ^ ^ * 3.1416  x 1.1^3 

m 20.0  on/seo 

Reynolds  number,  R^  * 1,760 
Temperature,  25°  C 

Kinematic  viscosity,  v “ 1.423  x 10*^  os^/seo 

Diffusion  coefficient  of  Pe(CM)“®,  * lo"®  cm*/soc 

Diffusion  coefficient  of  0.390  x 10*®  cm*/s®® 

Concentration  of  Po(CN)"^,  •*  0.1976  x 10**^  moloa/cc 

A ^ • 

Concentration  of  “ 0.2027  x 10*  moles/co 

Diffusion  Laver  Thickness,  h 
From  equation  (XI): 

S(cm)  * 12*64  dj*®®  V*^**^®  j)0,366 

Hence  for  the  cathodic  case: 

^ferri**  (1.273)*^*®° (20.0)*°*’’'° (1.423)°’®^^ (0,464qao’®)P*®®® 

« 4.840  * 10“®  cm 

^fer^o*  (1.273)°*®® (20. 0)“^*’^°(1.423)®*®^^(0.390xl0“®f*®®® 

« 4.686  X 10*®  cm 
Limiting  Current'  Densities 
Cathodic  limiting  o.d., 

*0  - ^ i^3L9.«JiS2J£.j04SS-S-.^2:^  * (0.1976  , 10-») 

O ^ ferrl  4.840  x 10 

* 17.89  X 10*®  asq^s/oa^  “ 17.89.mA/®iB* 
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as  compared  to  experiment ally  determined 

« 16, 6 mA/cm* 
Deviation  » 7.6^ 


e ?.^jPPQ  x(D,2027  X lO"^ 

4,685  X 10“^ 

-3 


Anodic  limiting  c,d«, 

I « pFD 
® ^ferro 

« 16.64  X 10"'®  amps/cm*  * 16,64  mA/om* 
as  compared  to  experimentally  determined 

« 16.4  mA/on^ 

Deviation  « 1»5J( 

Concentration  Polarisation  at  Applied  c.d,,  I « 10  mA/em* 

Cathodic  59.1  log  ^ I - 59.1  l.g 

« -56.1  mV 

as  compared  to  the  experimentally  measured  total  cathodic 
polarization 

AEj  * -53,0  mV 


Anodic  AE^ 


3 + I/I, 


I+IO/IT^M 


-cone,  * r=nt/i~  * 

* +34,9  mV 

as  compared  to  the  experimentally  measvu.'ed  total  anodic 
polarization 

Ag  m %0  a ,-W 

aiav 


Hence  chemical  polarization  is  negligible  for  these  cathodic 
and  anodic  runs^and  prediction  of  the  total  polarization  AE^  is 
possible.  It  should  be  noted  that  the  general  mass  transfer 
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cor2>«lat;l(m  enablaa  th«  predletion  of  liodtlng  eurx^nta  and  oon- 
oentration  polarisation  even  when  the  eheaieal  polarization  ia 
large;  however,  then  the  total  eleotrode  polarization  oould  not 
be  caloulated. 

I'oe  rerro-ferrioyanidM  eouple  oan  thus  be  used  conveniently 
to  study  mass  transfer  in  liquids  for  various  types  of  geometries 
and  hydzs>dynamie  conditions.  The  advantages  of  using  an  eleotro- 
lytic  redox  reaction  over  solid  dissolution  for  purposes  of  study- 
ing rates  of  mass  transfer  aret 

(a)  Aohievemert  of  steady  state  in  a relatively  short  tiaie. 

(b)  Direct  control  of  rates,  l.e.  applied  current.  (This 
is  not  possible  in  case  of  solids.) 

(o)  Preservation  of  the  smooth  interfacial  surface  through- 
out the  experiment. 

(d)  Hi^er  aoeuraey  and  eonvonienee  in  determination  of  the 
rates  of  mass  transfer. 

The  present  study  has  proven  that,  when  properly  carried  out, 
the  ferro-ferricyanide  sleotrole  reactions  may  be  considered  to 
remain  predominantly  under  mass  transfer  control  up  to  stirring 
rates  corresponding  to  ^ 11,000.  However,  the  ebsmioal  polar- 
isation is  essentially  present  whenever  finite  currents  are  passed, 
and  becomes  significant  at  high  stirring  rates.  The  reason  Essin 
and  co-workers  (23)  could  claim  that  tbs  electrolytic  reactions  of 
the  ferri— f errcoyanluv  couple  involve  only  oonoentratlon  polarisa- 
tion is  that  their  experiments  were  carried  out  at  low  stirring 
rates. 

Under  proper  experimental  conditions,  when  the  concentration 
polarisation  is  accounted  for,  the  ferrl-ferrooyanide  couple  is 


not  far  from  thermo  dynamic  squillbrium,  i<e.  the  activation  energy 
is  hot  very  large.  For  the  electro-chemioal  reaction  which 
takes  place  at  the  electrode  interface  itself  Lewartowicz  (36) 
discussed  two  rate^determining  steps.  One  step  involves  the 
electron  transfer  at  the  interface  of  the  electrode,  the  other 
the  change  in  the  hydration  of  the  ion  undergoing  the  recharge, 

For  the  ferri-ferrocyanide  couple  this  may  be  e^^ressed  as : 

Fe(CN)g®(H,0)j^  * e“  >Fe(CN)g^  (H«0)^^  + (m-n)HaO 

Humerous  investigators  (39,  40,  41}  have  found  that  an  ion  is  more 
hydrated  the  larger  its  charge  and  the  smaller  its  radius.  Hence 
the  activation  energy  of  the  total  process  la  composed  of  the 
energy  necessary  for  the  electron  passage  between  the  ion  and 
electrode  and  of  the  hydration  energy.  The  latter  depends  only 
on  the  state  of  hydration  of  the  oxidized  and  reduced  ioxus  but 
the  former  is  probably  the  one  which  is  affected  by  the  presence 
cf  electrolytic  poisons  adsorbed  at  the  electrode  surface. 
Lewaurtowioz*  s experiments  (36)  on  Fe^®/Pe*^i  Ce^^/Ce^®  and 
quinone/hydroquinone  couples  have  shown  a small  chemical  polar- 
ization to  be  involved  in  each  case.  His  results  support  in  a 
general  sense  the  above  discussed  mechanism  of  the  electrolytic, 
redox  reaction. 

It  Seems  reasonable  that  electrode  reactions  involvli^  only 
electron  transfer  and  change  in  the  degree  of  ion  hydration {would 
involve  small  activation  energies,  compared  to  reactions  involve 
Ix^  the  breakit^  or  formation  of  chemical  bonds. 
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3«nt>ol  Deflnltlfln  Unite 

A Interfeelal  area  for  naas  transfer  on* 

0 Concentration  of  reacting  Iona  In  the 

^ bulk  of  the  aolutlbh  molea/oo 

Of  Concentration  of  reacting  Ions  at  the 

^ electrode  interface  molea/cc 

®ferrl  concentration  of  ferrlcyanlde  ions  moles/oc 

dferro  concentration  of  ferrooyanlde  lone  molea/cc 


Diameter  of  the  inner  rotating  electrode  cm 
Diameter  of  outside  statl^ary  electrode  Cm 


^ Diffusion  ooefflcient  of  species  k 

^ Itotal  polarisation 

^conc  Concentration  polarisation 
^chem  polarisation 

Fai^'aday  equivalent  96 

^ Exohai^e  current  density 

Current  density 

^ Anodic  limiting  Current  density 

^ Oathodlo  limiting  current  density 

Mass  transfer  coefficient , generally 

^ Mass  transfer  coefficient  at  the  anode 

j Mass  transfer  Coefficient  at  cathode 

Number  of  electrons  exchanged  In  the 
•lAQ^v'ode  reaction 

Bate  of  mass  transfer  i 

Universal  gas  constant,  8<313  x 10^ 
Botatlonal  speed 


em*/seo 


mole s/cm® -sec 
erg/^K-mole 


Time 


t 


-S3< 


NCToenolatuyg  eent. 

STOboi  Definition 

T Teoperature 

V Peripheral  veloolty  at  the  rotating 

cylinder 

ZCP  Zero  current  potential  (static  potential 

difference  between  an  Investigated 
electrode  and  tiie  reference  cell) 


Unite 

•K 


onv/eeo 


nV 


GREEK  SYMBOLS 


a, 


h 

K 

V 

P 


Fractions  of  eleotrloal  potential  difference 
across  the  activation  energy  barrier  acting  In 
the  cathodic  and  aiodlc  Erection  respectively. 


Thickness  of  diffusion  layer  cm 

Xleotrlcal  conductivity  of  a solution  ohm“^0Bi‘^^ 

Dynaale  viscosity  g/cm-seo 

Kinematic  viscosity  om*/ssc 

Density  g/cm* 


1 ± lA, 


Sc  * 


DIMENSIONlESS  GROUPS 

Ratio  used  In  calculations  (upper 

cone 

sign  for  cathodic  case,  lower  for  anodic).  . 

Reynolds  number  based  on  diameter  of  rotating 
Inner  cylinder. 


Schmidt  number  for  mass  transfer  of  species  k. 


Wiring 

Nickel  eiectr 


FIG.  SCHEMATIC  DIAGRAM  OF  THE  ELECROLYSING  AND  MEASURING 
CIRCUITS  USED  WITH  THE  CELL  FOR  ROTATING  ELECTRODES. 
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FIG.  5 CATHODIC  POLARIZATION  CURVES  OF  FIG.  fi  ANODIC  POLARIZATION  CURVES  OF 

FERRrCYANIDE  ION  REDUCTION  FERROCYANIOE  ION  OXIDATION 
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FIG.  II  TOTAL  POLARIZATION  AEt  vs  LOG  Q FOR  HIGH  CURRENT  DENSITY  ELECTROLYSIS 
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i 


Tabl«  2 


Coordinates  pf  the  General  Mass  transfer  Correlation  Curve 
for  Rotating  Cylinders  (see  Fig.  10) . 
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Tablo 


Concentration  and  Chamlcal  Polarlzatlona 
at  Various  Rotational  Speeds 
and  Current  Densities 


Solution  No.  13,  Series  11. 

Initial  composition  : (0.04996  m/L  K,Pe(CN), 

(0.06052  m/L  iqPo(CN); 
(1.923  m/L  NaOH 


2S.0°C. 


Rotor  diameter  (di)  s S.024  cm. 

Outer  cylinder  dimeter  (do)  = 9.87  cm. 


I 

Cathodic 

Reduction 

of  Fe(CM)g5 

Ai:>odic 

Oxidation 

of  Pe(CN)g^ 

AE* 

cone. 

AEj, 

*^chem  = 

AE* 

coac. 

5®chem  * 

Run 

(calc. ) 

(meas. ) 

• ^^conc. 

(calc. ) 

(meas. ) 

5%-5J=conc. 

No. 

«A/cm*^ 

mV 

mV 

mV 

mV 

1 

mV 

mV 

2 

L208  rpm; 

• 4#  5 

V B 318  cm/aec. 

-4.0 

I B 22. 
c 

0.5 

00  mA/cm®; 

4.8 

p 

= 21.00  mA/cm  . 

4.C 

-0.8 

4 

-9.6 

-9.1 

0.5 

9.7 

8.1 

-1.6 

6 

-14.6 

-12.4 

2.2 

14.8 

12.4 

-2.4 

S 

-19.9 

-17.2 

2.7 

20.3 

17.2 

-3.1 

10 

-25.6 

-21.6 

4.0 

26.3 

21.6 

-4.7 

12 

-31.9 

-26.7 

5.2 

33.0 

27.8 

-5.2 

14 

-39.1 

-34.1 

5.0 

40.8 

36.3 

-4.5 

16 

-47.9 

-43.0 

4.9 

50.9 

50.0 

-0.9 

18 

-59.8 

-56.7 

3.1 

65.5 

67.2 

1.7 

18.5 

-63.6 

-61.6 

2.0 

70.5 

72.8 

2.3 

302  rpra; 


79.4  em/sec. 


8,20  niA/cm*i 


8.10  mk/anT 


15b 

1. 

-6.4 

-0.1 

6.3 

6.4 

0.1 

2 

-12.8 

-13.0 

-0.2 

13.9 

13.0 

0.1 

S 

-19.7 

=20.3 

•0.6 

19.8 

20.3 

0.5 

4 

-27.5 

•28.9 

-1,4 

27.7 

28.9 

1.2 

5 

-36.5 

-39.7 

-3.2 

36.9 

39.7 

2.8 

6 

• 48.1 

-53.  9 

-5.8 

48.8 

53.9 

5.1 

102  rpm}  V 

*26.8  cm/sec. 

Ic  - 

3,96  mA/c«^}  I 

*3.80  mA/cm^ 

150 

0.3 

-4,0 

-4.0 

0.0 

4.0 

4.0 

0.0 

0.6 

>3,0 

-7.9 

0.1 

8.0 

7.9 

-0.1 

0.9 

-12.1 

-12.1 

0.0 

12.2 

12.1 

-0.1 

1.2 

-16.3 

-16.7 

-0.4 

16.6 

16.7 

0.1 

1.5 

-20.8 

-20.9 

-0.1 

21.1 

20.9 

-0.2 

1.8 

-25.6 

-26.0 

-0.5 

26.1 

26.0 

-0.1 

2.1 

-30.7 

-31,2 

-0.5 

31.6 

31.2 

-0.4 

2.4 

-36,6 

-37.1 

-0.5 

37.9 

37.1 

-0.8 

2.7 

-43.3 

-44.2 

-0*9 

45.2 

44.2 

-1.0 

3.0 

-61,4 

-54.2 

-2.8 

54.5 

54.2 

-0.3 

3.3 

-62.1 

-60.0 

-5.9 

67.7 

68.0 

0.3 

3.36 

-64.8 

-71.0 

-6.2 

71.3 

71.0 

-0.3 

25  rpm}  V 

B 6,58  cm/sec. 

Ic  *= 

1,81  roA/cm^}  1^^ 

*1.74  mA/cm® 

f\  O 

....  p 

_ C O 

c rv 

0.4 

-11.7 

-12.1 

-0.4T 

11.8 

12.1 

0.3 

0.6 

-17.8 

-18.5 

-0.7 

17,8 

18.5 

0.7 

0.8 

-24.7 

-25.3 

-0.6 

25.2 

25.3 

0.1 

1.0 

-32.3 

-33.0 

-0.7 

33.3 

33.0 

-0.3 

1.2 

-41.4 

-42.6 

-1.2 

43.1 

42.6 

-0.5 

1.4 

-53.3 

-55.2 

-1.9 

56.7 

57.0 

-0.3 

1.5 

-61.2 

-64.7 

-3.5 

66.3 

68.7 

2.4 

* 1 + 1/lc 

Xonct-^V)  *=  59.1  Log 


(Upper  sign  for  cathodic  cnao,  lowor  for  anodic.) 


Tabltt  4 


Concentration  and  Ch^aslcal  PolfcPiftlona 
at  Varloua  Rotational  Speeda 
and  Current  Penattlea 


Solution  Mo.  A-ie,  Sarlaa  I 

Initial  oompoaitlont  (0.01118  m/L  K,Pa(CN)« 

(0.01424  m/l  lC^Fa(CN)« 

„ (2.011  mA  l*«0n 

T >»  25.0®C. 

Rotor  diameter  (d.)  • 6.024  on. 

Outer  oylindar  dltmeter  (d^)  * 13.69  cm. 


T<«h1«  5 


! 


I 


Concantratlon  and  Chemical  Polarlgattona 
at  Varloua  Rotational  Speeds 
and  Currant  Danaltlaa 

Solution  No.  9,  Sarlaa  ZI 

Initial  compoaltlont  (0.1994  m /L  K,3Pa(CN). 

(0.2030  m/L  K4»i«s(CN)6® 
„ (2.004  m/L  NaOH 

T ■ 26.0”C. 

Rotor  dlanatar  (dj.)  ■ 1.273  rm. 

Outar  oyllndar  dlametar  (Oq)  “ 9.87  cm. 


I 

Cathodlo 

Raductlon 

of  Pa(CM)g® 

Anodic 

Oxidation  of  Pa(CN)g^ 

^®eono. 

&S]< 

^®cham. ” 

^®cono. 

A&f 

*®cham,  ■ 

Bun 

(oalo. ) 

(moaa. ) 

aBp  - ABconc. 

(calc. ) 

(saaa. ) 

ABx-AEconc . 

Bo, 

«A/o«® 

mV 

mV 

mV 

mV 

mV 

mV 

1724  rpmi 

V - 116  cm 

i/a«c.  ■ 62.4  mA/cm^i 

* 62.0  mA/cm®.  j 

17a 

2 

-2.0 

-2.6 

-0.6 

2.00 

1.0 

-0.1 

S 

-4.9 

-6.6 

-0.6 

6.0 

4.3 

-0.7  ! 

8 

-7.9 

-8.4 

-0.6 

7.9 

7.1 

-0.8  ! 

10 

-10.0 

-10.4 

-0.4 

9.97 

9.0 

-1.0 

12 

-12.0 

-12. 5 

-0.6 

12.03 

11.0 

-1.0 

16 

-16.2 

-16.8 

-0.6 

16.2 

13.9 

-1.3 

20 

-20.7 

-22.0 

-1.3 

20.8 

19.2 

-1.6 

25 

-26.7 

-28.  6 

-1.9 

26.9 

26.0 

-0.9 

30 

-33.6 

-36.9 

-2.4 

33.7 

33.0 

-0.7 

36 

-41.6 

-44.0 

-2.4 

41.9 

41.6 

-0.3 

40 

-61. 8 

-64.2 

-2.4 

63.4 

62.6 

-0.8 

46 

-66.6 

-68.6 

-2.0 

67.6 

66.7 

-0.8 

3(X)  rpM} 

V ■ 20.0 

cm/aac.  16. 

6 *A/cm®; 

» 16. 4 mA/cm®. 

17b 

fl 

« 

-6.26 

-6.6 

0.6 

6.3 

6.6 

-0.7 

4 

-12.68 

-11.5 

1.2 

11.6 

11.5 

0.0 

1 

6 

-19. 60 

-17.7 

1.8 

19.6 

17.7 

-1.9 

1 

8 

-27.1 

-24.6 

2.6 

27.3 

24,6 

-2.8 

1 

10 

•33*  0 

2.9 

36.3 

32.8 

*3  a O 

12 

-47.1 

-43.6 

3.6 

47.8 

43.6 

-4.2 

14 

-63.6 

-69.7 

3.6 

64.9 

59.7 

-6.2 

14.6 

-69.  4 

-66.0 

3.4 

71.4 

66.0 

-6.4 

102  rpm} 

V ■ 6.80  cn/iac 

• ^c 

*8,8  mA/cm®} 

* 8.9  mA/cm®, 

-6.8 

-5,7 

0.1 

6.8 

5.8 

0.0 

11.8 

-11.9 

-0.1 

11.7 

11.8 

0.1 

18.2 

-18.4 

-0.2 

18.06 

18.2 

O.l 

25.1 

-25.6 

-0.6 

25.0 

26.6 

0.6 

33,0 

-33.1 

-0.1 

32.7 

33,3 

0.6 

42,7 

-42,6 

0.1 

42.2 

42.6 

0.3 

ce  rt 

f 

-54.4 

1.5 

54.7 

64.4 

-0.3 

64.9 

-64.0 

0.9 

&-..6 

62.0 

-1.6 

■77.  6 

-76, 2 

1.4 

7i>.  4 

■fo.  2 

-2.2 

i 

I 


I ^ w . 


Table  6 

Concentration  end  Chemical  Polarlsatlona 


at  Various  Rotational  Soeeds 


and  Current  Densities 


Solution  No.  Series  II 

Initial  compos Itiont  (0.1994  m/L  K3Pe(CN)e 

(0.2030  m/L  K4Fe(CN)g 
^ (2.004  m/L  NaOH 

T - 25®C. 

Rotor  diameter  (di)  *>  5.024  cm. 

Outer  cylinder  dlametrr  (d^)  ■ 9.87  cm. 


Cathodic 

Reduction  of  Pe(CN)g^ 

Anodic 

Oxidation  of 

?e(CH)g* 

ABconc. 

4Dr 

A®chem.  “ 

^oonc. 

ABy 

ABohem. ■ 

(oalo. ) 

(neas. ) 

A®T“^®conc. 

(calc. ) 

(aMss. ) 

*®T”^conc.  ( 

mV 

mV 

mV 

mV 

mV 

mV  1 

